The innovation of phase change material (PCM) for thermal heat storage is one sustainable passive strategy that can be integrated into building designs. This research was conducted to study and evaluate the performance of the existing materials integrated with PCM and to propose a design strategy that would improve the system. This research suggested copper foam as a medium to be integrated with microencapsulated PCM. Applications of these combined materials will benefit the industry by improving indoor environments and by delivering sufficient thermal comfort for residents as in the case study of the existing 1.6 million terrace houses in Malaysia.
Introduction
Malaysia experiences a hot, humid climate with temperatures ranging from 22 °C to 33 °C throughout the year. Since it is like summer all year around, cooling is the main issue regarding Malaysian homes. In terms of housing types, most Malaysians who settled in urban areas choose to OPEN ACCESS live in terrace houses. Terrace houses accounted for 44% of the existing housing in urban areas as of 2000 [1] . Today, the total number of terrace houses is over 1.6 million. These are inhabited by more than seven million people. Most of these houses were built using cement or clay bricks with cement render and were shaded by cement or clay roof tiles. Moreover, most of these houses have no insulation material installed, except for a thin layer of reflective film under the roof tiles. As a result, these houses act like a sauna, where most of the building faç ades are exposed to excessive solar radiations that absorb heat throughout the day. The heat is then conducted to the inner spaces, thereby creating thermal discomfort for the building occupants. To make the situation worse, most of these houses have poor ventilation and air circulation, since openings are only located in the front and rear faç ades. As a result, the heat inside the house is normally trapped by room partitions and doors that increase the internal temperature.
Research shows that most Malaysian residents open windows during the day and close windows at night. This indicates that most Malaysian terrace house dwellers do not apply night ventilation, and this contributes to the increase in energy consumption for cooling especially at night [1] . When considering thermal discomfort, some may not be concerned, since they have the luxury of an air conditioning unit. In Malaysia, energy use for residences accounted for 19% of the total energy supplies. In fact, a recent study shows that 21% of the total residential energy consumption was used to power air-conditioning units and another 2% was used to power mechanical fans for cooling purposes ( Figure 1 ).
Figure 1.
Malaysian average residential energy consumption according to electrical source. Adapted from [2] .
It can be clearly seen that space cooling consumed more than a fifth of the total energy consumption in the residential sector especially for terrace houses. However, this number only estimated that residences were installed with only one air conditioning unit. With an improve of living standard and GDP, it is common to see some houses installed with more than one air conditioning unit, such as in every bedroom or even in the common spaces such as the living room or television room.
Regarding the residential sector, Malaysians owned 493,082 air conditioning units in 1999 (Figure 2 ). The number increased by 6.7% in 2000 with a total of 528,792 air conditioning units. In fact, it was predicted to increase dramatically to 907,670 units by 2009, an increase of 42% [3] . It is important to stop this tendency in order to reduce energy consumption in residential building especially in terrace houses. On average, a Malaysian pays at least Ringgit Malaysia 100 per month (that is equal to USD 28) to operate an air-conditioning unit in a typical home. This cost varies depending on the energy consumption by different types of air conditioning units. With the high price of electricity for cooling, many people try to find solutions by applying cheap passive strategies like thermal energy storage (TES). TES technology has been successfully applied throughout the world, with a lot of advantages such as reduced energy consumption and hence costs, improved indoor air quality, reduced pollutant emissions, and increased efficiency and effectiveness of equipment utilization [4] .
In Europe, the applications of phase change material (PCM) as latent heat storage in building faç ades show good potential to be used in passive cooling and heating strategies. Some manufacturers have produced PCM integrated wallboard to be installed in building faç ades to store ambient outdoor heat during the day, and release it at night to warm the internal spaces when the ambient temperature drops. The end result is a thermal balance created for indoor environments. In a climate like Malaysia's that experience high ambient temperatures during the day and night, the strategy mentioned above cannot work. Instead, the stored heat needs to be released back to the environment when the ambient temperature is cooler. PCM has never been tested in a hot humid climate like Malaysia, and thus the potential benefits remain uncertain, especially for the residential sector.
This study investigates the potential of using PCM for thermal heat storage in building faç ades in hot humid climates, and considers other materials such as copper foam that could be integrated with PCM. This integration will likely cause an increase in heat transfer that will increase heat storage capacity and reduce internal temperature fluctuations compared with other materials that have been used until today.
Latent Heat Storage

Phase Change Material (PCM)
The application of PCM, such as ice, has been used since the late 1800s as a thermal storage mechanism. There are two ways of storing heat: either via sensible heat or latent heat (Figure 3 ). Heat storage via sensible heat leads to an immediate temperature increase. On the other hand, heat storage as latent heat uses phase change of a storage material to delay the heat transfer. Over the years, PCM has been integrated into building faç ade design since it was discovered as a potential technology to reduce the energy consumption of a building. The main purpose of using PCM is that it can store a large amount of energy within its phase transition. The temperature of PCM is nearly constant during the melting and solidification process. Figure 4 further explains how this process takes place when excessive heat from solar radiation heats up a building faç ade and transfers the heat through conduction to the building internal space. Typical faç ades without the installation of PCM will conduct solar radiation and dramatically heat up the internal space. In contrast, building faç ades installed with PCM will gradually change its phase and store heat throughout the day instead of conducting all heat into the internal space. As a result, PCM can guarantee more stable internal temperatures, with no dramatic fluctuations, thus providing thermal comfort to the dwellers. By installing PCM in the building faç ade, heat will be stored and only a small amount of heat will be conducted to the internal space if the transition process is complete; when PCM cannot store heat anymore. There are four types of PCM available on the market: organic PCM, inorganic PCM, eutectic PCM, and composite PCM. Each type of PCM has different characteristics that cover different melting temperatures. Organic PCM, such as paraffin wax, is the most common PCM used in the construction industry, since paraffin wax is thermally stable and compatible with most building materials. As a result, it tends to be the more popular PCM. Moreover, it has proven to provide better performance and is generally cheaper. For this study, paraffin wax with a melting and solidification temperature of 26 °C is used. This was best suited for the temperature tolerance of Malaysian building occupants (between 23.1 °C and 28.1 °C ). It is important to choose the right type of PCM because, for a given climate condition and building type, if the melting and solidification temperature of the PCM is too high, the quantity of solar radiation heat that can be stored is reduced. On the other hand, if the temperature is too low, it is difficult to maintain the indoor temperature within the temperature tolerance range if the building faç ade receives high solar radiation and isolations [6] . An analysis of PCM walls indicated that the optimal diurnal heat storage occurs with a melting temperature of 1 °C to 3 °C above the average room temperature [6, 7] .
Microencapsulated PCM
In the early years of PCM applications, PCM was integrated directly into the building materials, such as mixing granulated paraffin wax with concrete or cement. However, direct integration of PCM without encapsulation can interfere with building structures and change the properties of the medium materials. In fact, leakage could be a major problem over many years [8] . For instance, salt hydrate PCM could affect steel bars in a building structure, thereby leading to corrosion. A new way to integrate PCM is to keep it in hard shells called microcapsules. An example of microencapsulated PCM is illustrated in Figure 5 . This capsule form can be integrated into building materials and structures so that adverse reactions do not occur. It is claimed that the encapsulation process protects the wax in its pure form, meaning the heat storage capacity is permanently guaranteed [9] . The conventional method of PCM application involved integrating large PCM granulates into building construction. As a result, the performance of the heat storage capacity of the PCM fell below expectations. This is because PCM has a low thermal conductivity and the large size of the PCM granules slows the heat from reaching the centre core. Moreover, it is difficult for the PCM to complete the phase transition from solid to liquid or vice versa. These factors all cause the system to be inefficient.
For this study, it is suggested that microencapsulated PCM with sizes ranging from 2 μm to 20 μm be used. The distribution of the small PCM microcapsules in a wall offers a larger heat exchange surface where the heat transfer rate to charge and discharge the stored heat is raised significantly [8] . Basically, PCM is encapsulated in copper or a hard plastic shell, such as acrylic resin. The resultant materials are well suited for further treatment as they are impervious to the grinding and cutting throughout the construction and renovation processes. Moreover, since the size is very small, it is visibly indestructible [9] . As for its performance, most of microencapsulated PCMs can undergo more than 10,000 phase transition cycles that make the product life span last for more than 30 years. For this study, microencapsulated PCM with copper coating is recommended. In fact, based on a comparative study on the performance of various materials to encapsulate PCM, the results show that PCM with copper coating melts faster than with coatings such as acrylic and aluminium.
Medium Integrated with PCM
The medium for this system could be defined as materials that could be used to channel or conduct heat to the microencapsulated PCM. There are many materials that have the potential to be integrated with microencapsulated PCM. The most commonly used materials are gypsum and concrete. The relevant differences between these materials are the specific heat capacity of each material as well as the thermal conductivity that will affect the performance of the system. For this study, copper foam is the proposed medium to be integrated with copper microencapsulated PCM. It is known that copper has good conduction for electricity as well as for heat. The copper foam will be produced using Lost Carbonate Sintering (LCS) with controlled porosity. The high porosity of copper foam allows air to pass through it. So it acts as a metal sponge that absorbs heat and stores it. Moreover, for a given size, copper foam relatively has a five to 10 times larger surface area compared to a similar size flat metal plate. As a result, more heat can be conducted and stored in it. Previous study shows the performance of three different metal foams integrated with microencapsulated composite PCM such as copper foam, aluminium foam, and carbon steel foam. For a given specific porosity of different metal foams, it is show that the influence of the effective thermal conductivity on the melting time is higher for the PCM of low thermal conductivity than for PCM of high thermal conductivity [11] .
It can be seen that copper foam has the lowest effective melting time compared with the other two metal foams. Also, the copper microencapsulated PCM has the lowest effective melting time compared to the acrylic resin microencapsulated PCM. The ideal conditions for a latent heat storage system are high heat storage capacity and high phase change rate. In order to keep high heat storage capacity, porosity should be near unity, whereas high phase change rate can be obtained by a lower porosity with a decreased amount of PCM [11] . This is why porous metal such as copper foam is better than other mediums, such as gypsum and concrete, to be integrated with microencapsulated PCM in building faç ades.
The comparison of the physical and thermal performance of different materials that could be integrated with PCM is shown in Table 1 . It is clear that copper foam has a better physical and thermal performance than gypsum and concrete. Since the thermal conductivity of copper foam is higher than two other materials, heat could be transferred faster to be stored in the PCM. Moreover, since the specific heat capacity is the lowest, it guarantees that the PCM will complete its phase transition. As a result, the system using a combination of copper foam integrated PCM will be more efficient. 
Suggested Design Proposal
PCM integrated building faç ades can store heat during the day and discharge it back to the environment at night, thus decreasing the cooling load of a building. This system provides a significant economic benefit by reducing the use of energy for cooling during expensive peak time. For this study, the system will use a hybrid of passive and active strategies to optimize performance. The system consists of copper foam integrated microencapsulated PCM panels, ventilation holes, and a low energy ventilator to increase ventilation rates. If the house is equipped with renewable power generation systems such as photovoltaic panels or wind turbines, the low energy ventilator is easily powered by these sustainable technologies to make this system green and carbon free.
This experiment proposes to study the heat transfer in the building faç ades of terrace houses. A comparative study will be made of the faç ade without copper foam integrated microencapsulated PCM and one with it installed. This experiment also tries to find the time delay or time lag of heat transfer from the external wall to the internal space. Moreover, this experiment will determine whether copper foam and copper coating of the microencapsulated PCM could increase the conduction rate of heat to the PCM and transfer more heat to the PCM itself. However, this experiment will also involve design strategies to manipulate night cooling in order to obtain a lower indoor temperature at night as well as to improve the panel's efficiency. The results from this experiment will be compared with the results obtained based on simulation with TRNSYS. This comparison will help with understanding the performance of the system in both actual and simulated tests.
Finally, the experimental results for the copper foam integrated microencapsulated PCM panel could be used to compare the thermal performance and efficiency of the studied system with other systems available in the market today.
Case Study
The building model proposed for this research is to represent terrace houses, since this type of house is the most common in Malaysia. Another reason why terrace houses have been chosen is because this architectural style does not complement architecture details of traditional Malaysian residential architectures in terms of planning, design strategies, materials, and the layout that existed for hundreds of years. The traditional Malay house is a timber structure that has tall windows and doors, large roof overhangs, is built on stilts, equipped with permanent ventilation holes on top of the windows, and gaps between the layers of the walls and floors to allow maximum ventilation. The modern terrace house, on the other hand, has a high thermal mass with 150 mm thick walls made of bricks, standard size windows either louvered or glass panel, without permanent ventilation holes on top of the windows and doors, and is built on the ground. Moreover, a terrace house has many internal wall partitions that block air circulation and that increase the internal temperature and humidity. Even though the building wall is thick, it is still not thick enough to block the solar radiation heat from penetrating to the building internal space. Moreover, it is hard to evacuate heat that is stored in the terrace house's faç ades in the day time compared with the traditional Malay house.
Adapting copper foam integrated PCM panel to the building wall provides the chance to increase thermal capacity of thin building envelope without having thicker building walls like the average 250 mm wall thickness in a typical British Colonial house in Malaysia. Research was performed which measured the thermal properties of two units of identical double storey terrace houses in the state of Johor, Malaysia. It was found that, for the housing area, the maximum outdoor temperature was between 34 °C and 36 °C while the minimum outdoor temperature was between 24 °C and 25 °C . With a daytime ventilation strategy where the windows were open only during the day, the internal temperature dropped to 33 °C (only 1 °C lower than the maximum outdoor temperature). On the other hand, if night ventilation was applied (where the windows were open only at night), the indoor temperature dropped further to 28 °C [1] . This study showed that a terrace house was hot and uncomfortable to live in. If people were given a choice, most will choose to live in a Malay traditional house, which is more comfortable. Unfortunately, to build Malay traditional house in urban areas will not get approval by the Malaysia Uniform Building By Law (UBBL), under the rule of District City Councils, since it was clearly stated that housing made of timber is not allowed to be built in urban areas unless it is highly treated to be safe against fire, which is expensive and not affordable for most people. However, a more comfortable terrace house may be possible by applying copper foam integrated PCM panels in building faç ades. It is hoped that the internal temperature will be dropped to, and maintained at, 26 °C in order to provide better thermal comfort to the building occupants. 
Copper Foam Integrated PCM Panel
The most common PCM integrated wallboard panel on the market is gypsum. In four seasons climate, PCM integrated wallboard is installed widely as one passive technology for space heating and cooling strategies. However, for this application, the PCM integrated wallboards are installed on the outer layer of the internal walls. The system works by storing heat during the day and discharging it back to the internal space and the building faç ade when there is no solar radiation available. This continuous process can provide sufficient cooling and heating. In contrast, this system is not suitable for buildings in Malaysia since the temperature is high during the day and night. For this study, copper foam integrated PCM panel will be developed with a new and improved design to suit climate conditions in Malaysia. Figure 7 shows the sectional perspective of the copper foam integrated coated PCM panel.
What makes this system different from the existing systems? Based on the design proposal, the copper foam will be produced using the lost carbonate sintering process also known as LCS. This new technology is different from conventional methods of making metal foams such as melt-gas injection, melt infiltration, powder foaming, and melt foaming. The panel will be produced by mixing metal particles with non-metal particles such as salt crystals and potassium carbonate. This mixture will be packed and sintered by heating it so that the metal particles in the mix are soft enough to adhere. The casted metal foam is then dissolved in water to remove all the non-metal particles and leaving a metal foam panel with a controlled porosity [9] . For this experiment, the size of each panel is 0. Unlike the conventional installation of gypsum PCM wallboard in buildings in European countries, this panel will be installed in the internal part of building walls and will be protected by wallboards as the interior finishes. However, since a terrace house only has two faç ades, at the front and rear, the panels will be fixed only on these two faç ades. This system will also integrate low energy ventilation fans to circulate internal air for cooling so that a comfortable internal temperature ranging between 23 °C and 28 °C will be achieved throughout the day and night. In every kilogram of microencapsulated PCM, the specific heat capacity is 110 kJ. This shows that for every 1 m² of the panels, the specific heat capacity is 330 kJ and its equivalent of 330 W/m² K of energy will be stored.
The integration of the copper foam integrated PCM panel into the building wall is shown in Figure 8 . The panel is installed directly onto the surface of the brick wall. This will help to increase the heat transfer via conduction from the heat source to the panel itself. In order to increase its performance, ventilation hole and air gap have been introduced in the design so that the performance of the system could be maximized. These systems are explained further in Subtopic 3.4. 
Building Model
For this study, a building model measuring 3.0 m in depth, width, and height will be built. This building model that represents the terrace house will be built in a climate chamber with a controlled temperature and humidity to match the climate conditions of Malaysia. Moreover all the materials used are the exact same materials of a typical terrace house. However, for this building model, only one side of the wall will be installed with copper foam integrated panels whereas the other three walls will be installed with insulation material. This will be done since terrace houses are connected and the faç ades installed with insulation materials will be considered as internal partitions of the house. It is because these areas do not receive any solar radiation. Figure 9 illustrates how the copper foam integrated PCM panels will be installed into the internal wall. Then, these panels will be covered with wallboards as wall finishes. The green colored material inside the other side of the wall is the insulation material to act as a partition wall. These insulation materials will be installed into the other three walls. In the actual situation, these walls are connected to the other house units to separate the terrace houses. Figure 10 , on the other hand, shows how the internal walls look after the wallboards cover the copper foam integrated PCM panels as well as the insulation materials.
Ventilation
This system will use two ventilation strategies that will run separately from one another. Figure 9 in Subtopic 3.2 shows ventilation holes in the copper foam integrated PCM panel as well as an air gap between the copper foam integrated PCM panels and the outer layer of the internal wallboard. The first ventilation strategy is to circulate hot air trapped in the top part of the internal space into the air gap between the copper foam integrated PCM panels and the wallboard. There will be a low energy ventilation fan to suck the hot air into the top ventilation openings of the internal wallboard. By doing this, heat from the air will be transferred to the copper foam integrated PCM panels that will reduce the air temperature. Then, this cooler air will be exhausted back to the internal space through ventilation openings located at the bottom part of the internal wallboard to provide a more comfortable air temperature for the building occupants.
The second ventilation strategy is to manipulate night cooling from low ambient temperature. Some studies show that in order to utilize night cooling naturally, the outdoor temperature must be 18 °C or lower. Since the usual outdoor temperature at night in Malaysia, especially in urban areas, is between 24 °C and 25 °C , force ventilation is necessary to maximize cooling with air circulation. Moreover, based on recent study, the mean outdoor air velocity in terrace house residential areas is around 0.4 m/s [1] . Since the outdoor air velocity is low, forced ventilation is needed in order to increase the system performance. Air will be circulated into the ventilation openings located on the bottom part of the external wall into the ventilation holes of the copper foam integrated PCM panel and out through the ventilation holes and openings located in the top part of the external wall. It is known that at night, when the ambient temperature is low, the PCM inside the panels will start discharging heat. The expectation is that heat stored during the day will be discharged back into the environment that will reduce the temperature of the copper foam integrated PCM panels rapidly, and the PCM will reverse the phase transition from liquid back to a solid ready to store heat in the next day. The installation of a low energy ventilation fan onto the system is shown in Figure 11 . This fan can be operated passively by using energy generated by solar panels or a small-scale wind turbine. 
Findings
Based on this study, the first enhancement for a PCM system in a warm climate is to use small size encapsulated PCM. Microencapsulated PCM performs better than that of bigger sizes. With larger surface area, heat is easily transferred to the centre core of the microencapsulated PCM that makes the PCM fully transformed.
The second step in enhancing the performance of the system is force ventilation. Unlike in European countries where the daily temperature difference is greater during the day and night, in Malaysia it is found that force ventilation is needed for night cooling. This is because, in European countries, the heat stored during the day helps to heat up the building structures at night, when the ambient temperature drops, and provides comfort to the building occupants. In contrast, ambient temperature at night in Malaysia is high and cooling is needed to provide comfort to occupants. Therefore, force ventilation is added to the system to discharge heat that has been stored in the PCM out to the environment.
Thirdly, to enhance the ventilated release of heat, a panel-type installation is better than direct integration of PCM into the building structure. Moreover, in terms of house renovation, this type of panel is easily dismantled and reinstalled onto a new wall. Concerning sustainability of materials, this panel is predicted to perform at its best for more than 30 years. The panels can also be recycled to serve other purposes.
Finally, for a mathematical explanation of the performance of the proposed system, the cooling load of the building model has been calculated as follows:
Data for heat gain on the building faç ade has been generated from Malaysian climate data using a simulation tool called Ecotact. Without the installation of the copper foam integrated microencapsulated PCM panels, heat gain of the building model was 1.638 kWh and heat loss was 0.180 kWh. For this calculation, heat losses from roof and wall surfaces are omitted since these two faç ades receive direct solar radiation during the day and the heat stored and conducted from the external to the internal spaces was more than the possible heat losses. Also, heat gains from electrical equipment and building occupants were not calculated since the study focuses on heat transfer throughout the building faç ades. As a result, the cooling load for this building model was 1.458 kWh. It means that 1.458 kWh of heat energy need to be removed from this building model. If one of the wall faç ades is installed with the proposed PCM panels with a total area of 8.56 m² , the cooling load will drop significantly to -5.277 kWh. These findings are better explained in Figure 12 .
Even though the cooling load is −5.277 kWh, this does not means that the house is cool enough to provide thermal comfort to the building occupants. This is because this amount does not include heat gain from electrical equipments and building occupants. By adding heat gain by various sources, this amount (−5.277 kWh) is predicted to be near 0 kWh, which is good enough to provide thermal comfort to the building occupants. In this case, no mechanical means such as air conditioning unit, portable chiller or fan are needed in order to provide thermal comfort to the building occupants. This calculation has proven to this study that the installation of copper foam integrated PCM panels could provide more comfortable indoor environment to the building occupants thus saving energy for cooling purposes that will reduce the CO 2 emissions to the environment. 
Conclusions
Thermal energy storage is known as one of the best solutions for tackling cooling and heating issues as well as one of the most environmentally friendly technologies. This study shows the potential of applying a TES system in terrace houses in a hot humid climate like Malaysia to suit the temperature tolerance of residents. The preliminary results show that the system dramatically reduces the cooling load. For future research, the panel system will be tested on a building model in a climate chamber and on a simulation using TRNSYS in order to compare the performances of example and theoretical models. Other materials such as hygrothermal wallboards will be integrated and tested for thermal comfort provided to the building occupants. It is hopped that hygrothermal wallboards may further enhance the system by reducing the high relative humidity levels as well as the temperature for the indoor environment in Malaysian terrace houses.
